The wet deposition for particulate matter (PM) and polycyclic aromatic hydrocarbons (PAHs) was modelled from the consecutive measurements of atmospheric concentration and wet deposition for particulate matter and PAHs in Higashi-Hiroshima city, Japan. In order to estimate the model in detail, the wet deposition was classified with that from gaseous and PM phase. The gaseous PAHs assumed to be dissolved into raindrops according to Henry's constant, and the PAHs attached on atmospheric PM were assumed to be trapped with PM. The PM was classified with coarse (.7 mm) and fine (0.6-7 mm) PM for the calculation of trap. PM and PAHs depositions estimated with the wet deposition model were compared with measured data. The ratios of the measured to the estimated values of PM and PAHs gave close agreement with measurements (0.41-4.29 (1.35: average) for PM and (0.32-3.83 (1.42)) for PAHs) regardless of precipitation.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants in the atmosphere and several PAHs have been identified as suspected carcinogens, mutagens, and genotoxins (Somers et al. 2004) . They are listed by the United States Environmental Protection Agency (USEPA) and the European Commission as priority pollutants. PAHs are a class of organic compounds composed of two or more fused aromatic rings and generated by anthropogenic emissions such as motor vehicles, industrial processes, domestic heating,
waste incineration, open burning and tobacco smoke, and natural processes such as forest fires and volcanic eruptions (Gundel et al. 1995; Hays et al. 2005; Ozaki et al. 2007) . It is believed that anthropogenic emissions are the major sources of PAHs in the atmosphere (Beak et al. 1991) .
PAHs are emitted mainly through anthropogenic emissions into the atmospheric environment, deposited on ground surface, and discharged into the aquatic environment. In urban areas, in order to comprehend the behavior of PAHs discharges into the aquatic environment, many researchers have investigated it (Murakami et al. 2004; Aryal et al. 2005) . In Paris, Moilleron et al. (2001) investigated the behavior of PAHs discharge into water bodies with atmospheric deposition of PAHs. Ozaki et al. (2006) and Iwasaki et al. (2009) investigated the yearly atmospheric PAHs loading, and from their studies, wet deposition accounted for more than half of the total loading, and the yearly PAHs loading from air was the same level as the PAHs loading on the river runoff. doi: 10.2166/wst.2010.484 Consequently, the wet deposition was clarified to be an important pathway from air to ground surface. There are some studies that estimate the wet deposition of PAHs (Azimi et al. 2005) . However there are few studies that estimate the wet deposition of PAHs with respect to each rain event.
The purpose of this study was to establish a model of the wet deposition loadings of PAHs based on the consideration of the mechanism of the trapping of atmospheric PAHs by rainfall. First, we performed calibration of the model. Then, we validate the model. In order to establish the detailed model, atmospheric PAHs were distinguished between particulate and gaseous phases, and further, particulate phase were classified to coarse (. 7 mm) and fine (0.6-7 mm) particulate matters.
EXPERIMENTAL METHODS
Sampling procedure Figure 1 shows the place of sampling, which is located at the Saijo campus of Hiroshima University in Higashi-Hiroshima, Japan (34823 0 11 00 N, 132843 0 00 00 E). Sampling apparatuses were put on the roof of an eight-storey building (height: 30 m). The measurement period was from October 1, 2004 to July 31, 2006. Atmospheric particulate matters, gaseous matters, and dry and wet deposition were collected at the same site.
Atmospheric PM
Atmospheric particulate matters and gaseous matters were collected using a high-volume air sampler (HVS-500-5; Shibata Kagaku Co., Ltd.) with an impactor system followed by a glass fiber filter for particulate phase and by a polyurethane foam for gaseous phase. Each sampling was conducted basically for 24 hours for particulate phase and for 72 hours for gaseous phase. Sampling duration was adjusted to the occasion of precipitation. The sampling rate was 500 L min 1 . Using the impactor system, particles of . 7 mm (coarse particulate matter; CPM) were trapped on a glass fiber filter (GB100R-100B, Advantec Co., Ltd.).
After sieving, particles of 0.6 -7 mm (fine particulate matter; FPM) were collected on another glass fiber filter (GB100R-100A, Advantec Co., Ltd.). After passing through the second glass fiber filter, gaseous component were trapped on a polyurethane foam. Prior to the experiment, glass fiber filters were precombusted at 4008C for 2 hours and polyurethane foams were cleaned with Milli-Q water (Millipore Co., Ltd.) and acetone using an ultrasonic cleaner for 30 minutes each. The glass fiber filters were weighed before and after sampling to determine the total mass of the particles collected.
PM deposition
Dry and wet depositions were collected in a bucket (24 cm in diameter and 35 cm height) and the sampling was conducted basically for 72 hours. The dry deposition was defined as a deposition in non-rainy periods, and the wet deposition was defined as a deposition during rainy periods. At the end of the sampling, the bucket for holding deposited particulate matters was rinsed with Milli-Q water.
Collected water was then filtered through a glass fiber filter (GF/C, Whatman Co., Ltd.), which was precombusted at 4008C for 2 hours.
PAH extraction and analysis

Particulate phase
At the end of the sampling, for particulate matters, the glass fiber filters collecting particles were dried three days under dark conditions at room temperature. Subsequently, the glass fiber filter was put in a cellulose fiber cylindrical filter, and was dropped into a 50 mL screw cap bottle.
Dichloromethane was added to the screw cap bottle until the sample was soaked, and the sample was extracted with dichloromethane in an ultrasonic water bath for one hour without temperature rise. After the extraction, 1 mL of internal standard solution (200 mg L 21 : acenaphthene-d10, perylene-d12, chrysene-d12, phenanthrene-d10 in dichloromethane) was added to the extract. This extract was concentrated into 2 mL by N 2 -gas.
Gaseous phase
For gaseous phase, the polyurethane foams were dried three days under dark conditions at room temperature. Subsequently, 0.5 mL of internal standard solution (400 mg L 21 :
acenaphthene-d10, perylene-d12, chrysene-d12, phenanthrene-d10 in acetone) was added to the polyurethane foam. And then the polyurethane foam was Soxhlet extracted with dichloromethane for 16 hours. After the extraction, this extract was concentrated in to 1.5 mL by N 2 -gas, and 0.5 mL of syringe spike solution (400 mg L 21 : p-terphenyl-d14 and 2-fluorobiphenyl in dichloromethane) was added into it.
Dissolved phase
For the dissolved phase, a silica column (Sep-Pak Plus tC18, Waters Co., Ltd.) was used for extraction. Prior to extraction, 0.5 mL of internal standard solution (400 mg L 21 in acetone) was added to the collected water. The water was passed through the silica column for PAH entrapment at the rate of 3 mL min 21 . After the entrapment, the dichloromethane was passed 10 mL for extraction at the rate of 1 mL min 21 . After the extraction, this extract was concentrated into 1.5 mL by N 2 -gas, and 0.5 mL of syringe spike solution was added into it.
The PAHs were analyzed using gas chromatograph equipped with a mass spectrometer (GC-17A/MS-QP5050, Shimadzu) and operated in the single-ion monitoring (SIM) mode. Injection was split with detector and inlet temperatures at 2308C. The initial temperature was 808C held for 2 min, ramped at 308C min 21 to 2108C, ramped at 58C min 21 to 2958C, and ramped at 28C min 21 to 3158C.
In this study, the following 16 PAHs were measured: acenaphtylene (Ace), acenaphthene (Act), fluorene (Flu), phenan- The blank tests for the PAHs were conducted by using the same procedure as the recovery-efficiency tests without adding the known standard solution before extraction.
Analysis of filed blanks, including glass fiber filters and polyurethane foams, showed no significant contamination (GC/MS integrated area below the detection limit).
The detection limit was defined as the signal/noise ratio of 3. Detection limits ranged from 1 to 5 ng for individual PAHs. Within this level, the coefficient of variance ratio of each of the compounds was less than 20%. The quality of extraction was checked using dried marine sediments (National Research Council of Canada Institute for Marine Biosciences, HS-3B). The recovery averaged 50 -80% for all PAHs, and the repetition error was 5 -10%.
Meteorological measurements
During the sampling sessions, the meteorological data such as air temperature, precipitation, and amount of insolation were collected. Air temperature was measured with a temperature and humidity data logger (DL-8829 COSTOM Co., Ltd.) at the sampling site. Precipitation and amount of insolation were collected from the meteorological data acquisition system (http://home.hiroshima-u.ac.jp/hirodas) in Hiroshima University. The observation point was at a 380 m distance from the sampling site.
Wet deposition model
In order to estimate the deposition of PAHs with precipitation, in this study, the wet deposition mechanism was supposed that particulate matters were trapped by precipitation by reference to Ozaki et al. (2006) basically and gaseous PAHs were soluble in precipitation according to Henry's constant by reference to Yoshida et al. (2001) .
For estimation of trapping of PAHs on particulate matters, particulate phase were classified into CPM (coarse particulate matter; .7 mm) and FPM (fine particulate matter; 0.6 -7 mm). Consequently, the deposition was modelled for each precipitation event as follows: Henry's constant [-] , i: each PAH species (i ¼ 1 -16).
The washout coefficient l was determined from the ratio of CPM and FPM mass before and after precipitation and duration of rainfall.
RESULTS AND DISCUSSION
Calibration the model (wash out coefficient)
In order to obtain the wash out coefficient by precipitation, PM (CPM and FPM) concentrations were measured every day from October 1, 2004 to September 30, 2005 (except from December 28, 2004 to January 3, 2005 , and total mass of a day before rainy day and the first day for rain period were used. Figure 2 shows the results of the measurements of CPM and FPM.
During the sampling period, 56 rain events were observed, and all rain events were used for estimating the wash out coefficient. The total mass in the atmosphere was calculated in the hypothesis that the concentration is constant from the ground level to the mixing height and zero above this. From this hypothesis, the total mass per unit area in atmosphere can be calculated as follows: where j: CPM or FPM. Figure 3 shows the relationship between logarithm of the ratio of mass before and after precipitation for CPM and FPM and duration of rainfall.
From Figure 3 , the obtained washout coefficients for CPM and FPM were 0.125 and 0.091 hr 21 , respectively.
Validation of the model
Atmospheric concentration and deposition flux of PM and PAHs were measured for 24 precipitation events, and their values, average temperature, and precipitation conditions in sampling period were summarized in Table 1 .
Estimation for PM
Using the model, the wet deposition loading of PM can be estimated for each precipitation firstly, and the ratios of the measured to the estimated values (FPM þ CPM)
were compared for all the measured precipitation events ( Figure 4) . It gave close agreement with measurements regardless of precipitation amount and length (0.41-4.29
(1.35: average)) ( Figure 5 ).
Estimation for PAHs
As well as PM deposition, wet deposition loading from PM, loading from gaseous phase, and loading of total PAHs (loading from PM þ gaseous phase) were estimated for each precipitation. The all events of the ratio of measured to estimated for 3-rings PAHs, 5-rings PAHs and 16PAHs were shown in Table 2 . The relationship between estimated and measured loading of total PAHs depositions were shown in Figure 6 . The wet deposition loadings of total
PAHs estimated by the model basically agreed with measured values for 3-rings PAHs, 5-rings PAHs and 16PAHs. However, the particulate and liquid phases were over-and underestimated by the model respectively.
For example, for 16PAHs, the ratios of measured total PAHs to estimated total PAHs loading were calculated to be 0.32-5.2(1.7) (min -max(median)). On the other hand, the ratios of measured particulate phase to estimated loading on PM were calculated to be 0.03-2.9(0.53) and the ratios of measured liquid phase to estimated loading from gaseous phase were calculated to be 1.1 -120(7.8).
The relationship between precipitation and the ratio of measured to estimated value is shown in Figure 7 . When lower precipitation, particulate phase tended to be overestimated more by the model. On the other hand, liquid phase tended to be underestimated more. However, as the precipitation increases, both particulate and liquid phase tended to approach measured values. Liquid phase of 3-rings PAHs were the most underestimated (39 -6,761 (522)) and particulate phase of 3-rings were more overestimated (0.03-1.7(0.68)).
In this study, sampling period of atmospheric concentrations which were input data for model was basically 24 hours for particulate phase and 72 hours for gaseous phase. Consequently, since the duration of rainfall was shorter than sampling period of atmospheric concentrations, atmospheric concentrations, C FPM , C CPM and C Gaseous , had an uncertainty. Moreover since atmospheric concentrations increase after the rain event, the shorter the duration of rainfall was, the greater the uncertainty was.
Especially, because sampling period of gaseous phase was longer than that of particulate phase, uncertainties of C Gaseous were greater than that of C FPM and C CPM . So, the model might overestimate the atmospheric loading from PM and from gaseous phase.
Since the atmospheric concentrations of particle phases were underestimated whereas the total PAHs basically agreed measured and estimated values, we should consider other possibilities of uncertainties or phenomena.
For instance, instantaneous equilibrium is one of them.
It was thought that the rapid transfer of PAHs occurs in raindrops from the particulate to liquid phase following the trapping of the PAHs of atmospheric particulate and gaseous phase. As defining the model, most of atmospheric PM was removed by precipitation in the early period of rain event. So it is though that the mass of loading from PM was larger than that of loading from gaseous phase in a bucket.
Then in order to come to equilibrium, transfer from the particulate to liquid phase might occur. Hence, when lower the precipitation, particulate phase tended to be overestimated more and liquid phase tend to be underestimated more. As an additional fact, the most underestimated fraction in the liquid phase was the 3-rings PAHs while the most overestimated fraction in the particulate phase was also the 3-rings. It is assumed to be due to 3-rings PAHs have higher solubility than larger ring number PAHs. Consequently, it is necessary to consider instantaneous equilibrium, the movement from particulate phase to liquid phase, to estimate the detailed behavior of wet deposition of PAHs.
CONCLUSIONS
In this study, PM and PAHs depositions were estimated using a wet deposition model. While estimation of PM and total (particulate þ liquid phase) PAHs depositions gave close agreement with measurements regardless of precipitation, estimation of liquid and particle phase PAHs depositions had great difference from measurements especially when precipitation was lower. From the comparison, the rapid transfer from particulate to liquid phase was suggested to occur during the precipitation. For future study, it would be important to know the extent and mechanism of transfer of different phases in rainwater because these differences would essentially affect the fate after urban runoff of PAHs.
